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PredationStudies of competition, predator–preydynamics and foodwebs typically consider conspecifics as equal, however,
individuals from the same population that are seemingly identical can show considerable variation with regards
to a number of processes. Such phenomenamay be demonstrated in terms of diet, and the quantities and types of
resources that are consumed are commonly considered. The marine amphipod Echinogammarus marinus, a re-
cently demonstrated predator on intertidal rocky shores, has been shown to consume a wide range of food
types but it is unknown how this may vary between individuals. Here, we investigated the variation that occurs
both among andwithin individuals of a population of E. marinuswith respect to themean numbers consumed of
a common prey item, the isopod Jaera nordmanni. First, by comparing the length of starvation times, used as a
proxy for hunger level, individuals maintained without food for up to 24 h consumed significantly less prey dur-
ing feeding trials than those starved for 48 h and longer. The degree of inter-individual variationwithin each star-
vation period was also found to differ, with greater variation among individuals starved for shorter periods of
time than those starved for longer time periods. Secondly, we tested whether individual amphipods tracked
over time consumed consistently similar numbers of prey or whether they showed intra-individual variation,
and if so, to what degree. We found that the numbers of prey consumed per individual could be predicted in
the short-term between consecutive feeding trials, however over the long-term this relationship broke down.
These results are discussed with respect to potential physiological and behavioural mechanisms, as well as the
implications that such variation may have for stability of prey populations in the field.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Manynatural populations consist of a combination of both generalist
and specialist individuals that utilise a wide range of resources (Bolnick
et al., 2003). Althoughmodels of competition, predator–prey dynamics,
and food web structure have generally considered conspecifics as
similar (Hughes, 1980; Pyke and Pulliam, 1977), consideration of indi-
vidual variation allows a more accurate understanding of the biological
system in question (Ackermann and Doebeli, 2004; Roughgarden,
1972). Such individual variation can be considered with regards to a
range of processes and activities including cooperation (Komdeur,
2006) and reproduction (Saether and Heim, 1993), however it is most
commonly demonstrated in terms of resource use, specifically diet
(Bolnick et al., 2002; Schindler et al., 1997). The main division that can
occur in resource use is that of generalist, which describes consumers
with a broad diet niche, or specialist, where a narrow niche is exploited
and a low diversity of resources is consumed (Schoener, 1971). Such
divisions can have important consequences for a number of aspects ofgy, Department of Botany and
frica. Tel.: +27 76 568 17 71.
r).community structure, including the strength of bottom-up and top-
down forces, which may in turn impact on trophic cascades (Jiang and
Morin, 2005).
Variation in resource use within a population may occur when indi-
viduals of different age (Wainwright and Richard, 1995), sex (Magurran
and Garcia, 2000), or morphology (Burrows andHughes, 1991) are able
to exploit a resource to varying degrees. However, it can also occur be-
tween seemingly identical individuals andmay be accounted for by fac-
tors such as experience (Werner et al., 1981) and learning (Dunkin and
Hughes, 1984). An individual's preference for certain resources can also
be influential (Burrows and Hughes, 1991), and this may be measured
via the tendency of individuals to demonstrate selection for the same
prey type(s) through time (Schindler et al., 1997) or by quantifying
the abundance of a certain food type that is consumed (Hynes, 1950;
Hyslop, 1980). In addition, repeatedmeasurements of food intake by in-
dividuals in a populationmay be quantified, providing an assessment of
both intra- and inter-individual variability (Jobling and Baardvik, 1994).
A number of amphipod species, traditionally viewed as herbivorous
shredders, show a high diversity in feedingmode, consuming a number
of food types including prey material (MacNeil et al., 1997). On marine
rocky shores, the recognition of a predatory feeding mode of highly
abundant littoral amphipods is emerging (Ingólfsson et al., 1999), and
51M.E. Alexander et al. / Journal of Experimental Marine Biology and Ecology 462 (2015) 50–54the intertidal amphipod Echinogammarus marinus is an example of one
such species that has been demonstrated empirically to be capable of
active predation (Alexander et al., 2013; Dick et al., 2005). E. marinus
has been shown to also consume a wide range of food types including
a number of algal species as well as prey, such as hard-bodied isopods
and soft-bodied oligochaetes (Dick et al., 2005). Therefore, given the
wide range of resources consumed, the potential for variation in their
utilisation is great. Further to this, studies investigating the interactions
of this species with a commonly consumed prey species, the isopod
Jaera nordmanni (Dick et al., 2005), have shown that at increased prey
densities in particular there is considerable variation in the numbers
of prey consumed per predator (Alexander et al., 2012, 2013).
Owing to the variation that occurs within populations of E. marinus,
as well as the large degree of variation that is often observed in experi-
ments conducted on animals maintained under similar conditions, we
examined how the numbers of J. nordmanni consumed varied between
and within individual E. marinus. We thus investigated: (1) how in-
creased hunger might influence the variation in prey consumption by
E. marinus, and (2) whether the number of prey consumed per individ-
ual E. marinus varies over time. Finally, we related our findings to the
stability of intertidal community dynamics.
2. Materials and methods
2.1. Collection and maintenance of experimental organisms
The amphipod E. marinus and isopod J. nordmanni were collected
from ‘Walter's Shore’ at Portaferry, County Down, Northern Ireland
(54°22.95′N, 5°33.3′W), from January to February 2012. Both species
were collected at low tide during daylight by searching under large cob-
bles, then transported to Queen's University Belfast and acclimatised
separately in holding tanks (32 × 16 × 18 cm) with filtered seawater,
rocks and algae from the collection site at 12 °C and 12 L:12D h.
E. marinus were further provided ad libitum with fish food pellets,
which were a non-focal food item in the study and therefore avoided
potential learning bias. Animals were held for 48 h before use in exper-
iments and, as E. marinus is sexually dimorphic (Sexton and Spooner,
1940), only males of 10–13 mm body length (15–57 mg body mass)
were used. J. nordmanni (2.0–3.0 mm body length, 0.36–0.78 mg body
mass) were selected haphazardly from holding tanks using a plastic
pipette.
2.2. Inter-individual variation: effect of starvation period on consumption
Individual E. marinuswere selected haphazardly from holding tanks
and allocated to Perspex dishes (7.5 cm diameter) filled with ~150 ml
filtered seawater. These were then assigned to one of eight starvation
periods (0-, 24-, 48-, 72-, 96-, 120-, 144-, or 168 h; n = 15 at each
time period). To avoid the confounding factor of ‘time in pot’, all starva-
tion trials were started at 17.00 on day one, after a standardisation peri-
od of 24 h where each amphipod was provided with a mixed diet
consisting of an algal disc (fresh Fucus serratus, 6 mm diameter) and
10 J. nordmanni. Starvation was then started for the 168-hour replicates
whilst the other replicates were maintained on the same mixed food
diet as before. At 17.00 on day 2, feedingwas terminated for amphipods
to be starved for 144 h whilst the remaining replicates were continued
with the mixed food diet. This process was continued each day up until
day 7 when all replicates were provided with 16 J. nordmanni individ-
uals at 17.00. Feeding was terminated at 09.00 the following day
where preywere then removed and counted. Amphipodswere retained
in the experimental pots for a further 24 h to ensure that there were no
deaths or moults that might have affected feeding. The seawater in all
pots (i.e. both starvation and feeding) was changed daily at 08.00 and
18.00 and fresh food was provided for the appropriate replicates. This
was to ensure the removal of all material such as faecal matter that
may have provided a food source for starved individuals. Seawaterwas changed in all replicates irrespective of feeding status to maintain
an even level of disturbance to all individuals. Any amphipod that
moulted during the experiment was removed and the trial rerun with
a new individual.
Mean number of prey eaten was examined with respect to ‘starva-
tion period’ (0-, 24-, 48-, 72-, 96-, 120-, 144-, 168 h starvation time)
in a one-factor ANOVA with Tukey's post hoc tests. Analyses were per-
formed on untransformed data; although raw data did not conform to
normality (Shapiro–Wilks W-test, p b 0.05) despite appropriate trans-
formations, variances were homogeneous throughout (Fligner–Killeen
test, p N 0.05) andANOVA is robust to deviations fromnormality, partic-
ularly when, as in these analyses, the designs are balanced with a rela-
tively large number of treatments (Underwood, 1997; Winer, 1971).
Coefficients of variation (CV = [sd/mean] × 100) were calculated for
each starvation time and regression analysis was used to assess how
inter-individual variation changed with length of time starved. Regres-
sion models were compared using Akaike Information Criterion (AIC)
values to find themodel of best fit (lower AIC implies a bettermodelfit).
2.3. Intra-individual variation: prey consumption over time
Individual E. marinuswere selected haphazardly from holding tanks
and allocated to Perspex dishes (7.5 cm diameter) filled with ~150 ml
filtered seawater. Each amphipod was then immediately provided
with food representing a mixed diet, as detailed in section 2.2, for 24 h
prior to the start of the experiment. Trials began at 17.00 the following
day when any of the food remaining was removed prior to a period of
starvation of 24 h (1st starvation period). After this first starvation peri-
od, each amphipodwas presented with 16 J. nordmanni individuals and
consumptionwas examined after 16h. Amphipodswere further provid-
edwith amixed diet for 8 h before a second starvation time of 24 h (2nd
starvation period). After the second starvation periods each amphipod
was once again presented with 16 J. nordmanni, and consumption was
examined after 16 h as before. Following these two starvation periods
and subsequent presentations of prey, amphipods were fed the mixed
diet for seven days. At the end of this feeding period, any remaining
food was removed and amphipods were starved for a further 24 h
(3rd starvation period). Then, 16 prey individuals were added and,
as on the previous two occasions, consumption was examined after
16 h. Seawater in each replicate was changed twice a day at all stages
(i.e. starvation, mixed feeding) of the experiment. Any individuals that
moulted were removed from the experiment and the replicate was re-
run. Amphipods were retained for 24 h after the end of the experiment
to ensure that there were nomoults or deaths, whichmay have affected
feeding during the trial.
Correlation analysis was used to compare numbers of prey con-
sumed by individuals between each of the starvation periods (i.e. 1st
starvation period vs 2nd starvation period; 2nd vs 3rd; 1st vs 3rd).
Thiswas to testwhether the number of prey consumed by an individual
after the initial 24 h starvation time was a reliable predictor of numbers
consumed a week later after the same length of starvation period, as
would be revealed by a strong positive correlation. Tests were per-
formed on untransformed data as the assumptions of a parametric test
were met (normality, Shapiro–Wilks W-test, p N 0.05; homogeneous
variances, Fligner–Killeen test, p N 0.05). All statistical analyses de-
scribed in this study were performed using the statistical software R,
version 2.14.1 (R Development Core Team 2011).
3. Results
3.1. Inter-individual variation: effect of starvation period on consumption
There was a significant effect of ‘starvation period’ (F7, 164 = 11.41,
p b 0.001), indicating differences in mean prey consumed by
E. marinus. Post-hoc tests indicated that this was driven by signifi-
cantly less prey consumption by E. marinus starved for 0–24 h
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variation of prey consumption was pronounced depending on length
of starvation time, with CVs ranging from 0.74 to 0.28 (Fig. 1b).
Although the inter-individual variation and starvation time relation-
ship could be explained by a significant negative linear relationship
(r2 = 0.56, F1, 6 = 9.93, p b 0.05), a significant negative polynomial
relationship provided a better model fit (r2 = 0.82, F2, 5 = 16.49,
p b 0.01; Fig. 1b). This was further confirmed through a lower AIC
value obtained for the polynomial regression (linear =−8.59, poly-
nomial = −14.99).
3.2. Intra-individual variation: prey consumption over time
As before, there was a large amount of variation in the number of
prey items consumed by amphipods that were tracked over time. TheStarvation time (hours)
C
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Fig. 1. a. Mean (+SE) number of prey consumed by E. marinus that were starved at
24 hour intervals up to 168 h. Different letters indicate significant differences (Tukey's
test, p b 0.05). b. Relationship between coefficient of variation (CV) of the number of
prey consumed and starvation time. Polynomial regression equation for CV (solid line)
is y = 2.97 × 10−5x2 − 7.2 × 10−3x + 7.7 × 10−1, r2 = 0.82, p b 0.001.number of J. nordmanni consumed by E. marinus after thefirst starvation
period showed a positive correlation with numbers consumed after
the second starvation period (r = 0.46, p b 0.001; Fig. 2a). Similarly a
positive, but muchweaker correlationwas observed between prey con-
sumed after the second and third starvation periods (r= 0.29, p b 0.05;
Fig. 2b). This relationship, however, broke down in the comparison be-
tween first and third starvation periods and no significant correlation
was observed (r = 0.02, p = NS; Fig. 2c).
4. Discussion
In laboratory predation experiments, it is normal protocol to starve
predators for a pre-determined length of time allowing standardisation
of hunger levels among individuals (e.g. Goecker, 2003; Mistri, 2004;
Taylor and Collie, 2003). A shortcoming of suchmethodologies, howev-
er, is that it is likely to yield predatory feeding rates that are not repre-
sentative of the tested prey density over a longer starvation time
period (Smyly, 1980). Here, we asked whether the length of starvation
period of the intertidal amphipod E. marinus significantly influenced
the mean numbers consumed of a common prey item, the isopod
J. nordmanni (Dick et al., 2005). Further to this, the influence of the
length of starvation time on the inter-individual variation of preyFig. 2. Correlation between numbers of prey consumed by amphipods after: a) 1st and
2nd starvation periods, y = 0.507x + 3.745; b) 2nd and 3rd starvation periods,
y = 0.309x + 5.543; and c) 1st and 3rd starvation periods, y = 0.021x + 7.467. Each
point represents an individual E. marinus tracked over time. Presented with the equation
of the regression line and Pearson's correlation coefficient (r) with associated p value.
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sumption of greater mean numbers of J. nordmanni by E. marinus
starved for more than 48 h compared to individuals starved for less
time. Also, the coefficient of variation was markedly greater after 0-
and 24 h starvation compared to longer time periods without food.
The consumption of prey by predators starved for a comparatively
longer time period may therefore be over-estimated owing to hungrier
individuals feeding more voraciously. Conversely, those individuals
starved for shorter time periods may consume less prey but show
greater variation. Indeed the level of hunger has been shown to affect
the feeding rate of predators in a number of species including fish
(Magnhagen, 1988), insects (Molles and Pietruszka, 1983) and predato-
ry copepods (Stemberger, 1985). This not only has important conse-
quences in terms of direct lethal effects in experiments but may also
influence trait-mediated indirect effects and the propagation of
higher-order predator cues through a foodwebwhere hungry, interme-
diate predators have been found to be less responsive to higher-order
predators (Magnhagen, 1988; Sogard and Olla, 1997).
Individuals in a population may show limited variation in feeding
patterns over time, whereby the types and quantity of prey consumed
remain stable (Schindler et al., 1997). The number of prey consumed
by E. marinus after an initial starvation period compared to a second
starvation period showed a significant positive correlation, indicating
that an individual consumed a similar quantity of prey in each of the
two feeding trials. This also occurred between the second and third
starvation periods as indicated by a significant positive correlation be-
tween the quantities of prey consumed, although this was a much
weaker relationship. These results would suggest that the feeding
capabilities of the individuals tested here might, in the short-term, be
predicted by initial feeding bouts, although within each feeding trial
there remained a large degree of variation between individuals in
terms of number of prey consumed. The predictive relationship was
observed to breakdown, however, and the presence of a weak and
non-significant correlation indicated that amphipods consuming com-
paratively large numbers of prey during the first feeding trial were not
indicative of feeding performance during the last feeding bout. Once
again, large inter-individual variation was observed.
Amphipods are known to utilise a number of different feeding
modes and food types (MacNeil et al., 1997). E. marinus in particular
has been demonstrated to consume a wide range of prey and plant ma-
terial, as observed from gut contents analysis of field-caught specimens
(Alexander et al., 2013; Dick et al., 2005). In such instances, a consumer
that is able to feed on a wide range of resources may not necessarily
be dependent on a specific food type (e.g. Kiorboe et al., 1996), and
this may partially explain the variation observed in the quantities of
J. nordmanni prey consumed by E. marinus from one feeding bout to
the next. Here, however, E. marinus was provided with only one re-
source type during experiments and it may be expected that, with no
opportunity for alternative prey selection or cues indicating other avail-
able resources, the predator would consume all available prey. An obvi-
ous explanation for such reduced feeding is satiation, with the number
of prey eaten at any one time potentially limited by features such as
gut or pharynx size (Smyly, 1980). Although in the second series of ex-
periments, individual E. marinus hunger levels were standardised with
a predetermined starvation time prior to feeding trials, the food con-
sumed prior to selection for experiments as well as during the mixed
feeding portions of the experiments was not observed or recorded.
Therefore it is possible that individuals were consuming differential
amounts of food and were entering the starvation/standardisation
phase with different degrees of hunger.
Variability in feeding effort may also arise due to a number of other
factors and include those that relate to the consumer's physiology, such
as the ability of some individuals to be better able to process certain
food types faster and thus continue to feed onmore prey items. Parasit-
ism has also been demonstrated to mediate predator–prey interactions
whereby parasitised amphipods exhibit a significantly enhancedpredation rate compared to unparasitised individuals (Dick et al.,
2010). Further, moult stage may be another contribution to individual
variation as premoult animals have been shown to consume less prey
(Heales et al., 1996). Predator behaviours can influence such interac-
tions also. Prior experience with prey has been demonstrated as having
an important influence on the ability of feeding on a certain food type
and individuals with the opportunity for prey learning in the past may
become more efficient predators (Colgan et al., 1986; Croy and
Hughes, 1991). Although within the course of the experiment it is pos-
sible that predators learned prey-handling behaviours, an attempt was
made to control for this by providing non-focal food in holding tanks
in addition to a mixed diet in-between starvation periods. However, in-
dividuals with a greater capacity for learning may potentially influence
variation further.
The potential differences in predator behaviours that underlie the
observed inter- and intra-variation in consumption of prey, as observed
here,may be important in the context of population dynamics, with im-
plications for the stability of natural systems (Bolnick et al., 2003). Var-
iation in prey consumption by E. marinus may indeed be a reflection of
differences in an individual's experience and subsequent learning op-
portunities, therefore resulting in an increased ability at handling prey
(Croy and Hughes, 1991). Amphipods encountering prey at low densi-
ties (i.e. rarer prey) may therefore experience a reduction in learning
and be motivated to consume different resources that are more abun-
dant (Landry, 1981). Such resource switching as a result of differential
predatory ability is a potential mechanism driving variation in the
numbers of prey consumed and can impart stability on a system though
the occurrence of Type III functional responses by some individuals
(Hassell, 1978). Conversely, predators that show a greater affinity for
selection of a certain prey type, and subsequently have a greater han-
dling experience, may be more efficient at such lower densities, driving
a Type II functional response towards that prey that can be destabilising
to population dynamics (Hassell, 1978).
The E. marinus population sampled here showed significant varia-
tion between individuals at any one time, as well as by individuals
tracked over time. In a field setting, therefore, this variation within
and among individuals may promote the coexistence of E. marinus and
J. nordmanni. With regards to experimental procedures that examine
prey consumption by predators that show a high degree of variation,
the impact on conclusions that are drawn is expected to be minimal.
By averaging consumption across a number of replicates, trials will
not be biased towards hungry or indeed satiated individuals, and there-
fore mean results will provide an estimation of the predatory ability of
the average individual at any one time. With regards to standardisation
protocols for experiments we have also demonstrated that in the
present system the protocol of 24 h starvation prior to feeding trials
does not result in an over estimation of feeding rate or effort, and we
can be confident of experimental results that are obtained. Such find-
ings are important when considering the range of feeding trials, such
as functional response experiments, that incorporate starvation into
standardisation of experimental conditions. Further work could exam-
ine how other factors, such as parasites and environmental conditions
like habitat and temperature, influence such variation.
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